Abstract. The fleshy parenchyma tissue of celery [Apium graveolens L. var. dulce (Mill.) Pers.] petioles is the major storage tissue for the sugar alcohol mannitol and for the hexoses, glucose and fructose. In this study, we found that plants grown in the soilless mixture, Promix, fertilized weekly with a nutrient solution, or grown in a hydroponic container culture, differed in carbohydrate composition. However, plant growth was not affected. Higher mannitol and lower hexose concentrations were present in petioles from plants grown hydroponically. This was true in petioles that did not differ in total soluble carbohydrate concentration. The ratio of mannitol to hexose concentration in petioles was ≈2-fold higher for hydroponically grown plants compared to Promix-grown plants, and the higher ratio was maintained during the entire 12-week experimental period. Carbohydrate partitioning was also affected by petiole development within the plant. Sucrose and hexose concentrations were highest in mature petioles, whereas mannitol was relatively high in all petioles except the oldest ones. Because the mineral solution applied to the Promix-grown plants had a lower total salt concentration compared to hydroponically grown plants, we postulated that the salt concentration of the mineral solution might be an important factor affecting C partitioning in celery petioles. When plants were grown hydroponically at two different salt concentrations [electrical conductivity (EC) = 2.7 and 6.0 mS·cm -1 ], high mannitol-to-hexose ratios were observed in celery petioles of plants grown at high salt concentration (EC = 6.0 mS·cm -1 ), a result supporting the hypothesis that the salt environment might alter mannitol and hexose concentrations in a coordinated way. These data are consistent with the hypothesis that elevated mannitol levels may be a significant component of plant adjustment to salt stress, possibly adding osmotic adjustment and preventing inactivation of metabolic processes.
The sugar alcohol mannitol is the most abundant polyol in nature, occurring in bacteria, fungi, algae, lichens, and vascular plants (Bieleski, 1982; Lewis, 1984) . Many higher plants are known to contain mannitol (Barker, 1955; Bourne, 1958; Trip et al., 1964; Zimmermann and Ziegler, 1975) . In species such as celery, privet (Ligustrum vulgare L.), white ash (Fraxinus americana L.), and lilac (Syringa vulgaris L.), mannitol is a major photoassimilate that is translocated through the phloem and stored in various tissues Trip et al., 1963) . Several physiological roles have been proposed for mannitol in higher plants. Mannitol may serve as a C storage compound (Lewis, 1984) or for storage of reducing power due to its capacity to be oxidized to its respective aldose or ketose sugar, thus generating NAD(P)H (Loescher, 1987; Stacey, 1974; Stoop and Pharr, 1992) . Other proposed physiological roles include osmoregulation (Hellebust, 1976) and service as a compatible solute (Brown and Simpson, 1972; Yancey et al., 1982) . Compatible solutes are thought to accumulate in the cytoplasm (Greenway and Munns, 1980) , where they prevent inactivation of metabolic processes.
Celery has been used as a model system to study physiological and biochemical regulation of polyol metabolism (Davis et al., 1988; . The pathway of mannitol biosynthesis was first derived from celery plants (Rumpho et al., 1983) and was shown to occur in other higher plants such as privet . Most studies involve pot-grown celery plants cultivated in a controlled environment such as a greenhouse. Hydroponic systems such as the nutrient film technique or container systems have proven to be very useful in studies involving manipulations of the root environment such as in salt-stress studies (Benoit et al., 1986; Tarczynski, 1993) . However, for celery, it is unknown how this culture system might influence the growth, development, and physiological status of the plant.
The objective of the first study was to determine the effects of the growth substrate (soilless mixture vs. hydroponic system) on growth, development, mannitol and carbohydrate concentrations, and enzyme activities of celery. The results of this experiment suggested that the salt concentration of the growth media might be one of the factors affecting C partitioning in celery petioles. In a second experiment, celery plants were grown hydroponically at two nutrient solution concentrations [electrical conductivity (EC) = 2.7 and 6.0 mS·cm -1 ], which did not differ in macronutrient ratios, to test the hypothesis that salt concentration in the root environment affects carbohydrate partitioning in celery petioles.
Materials and Methods
Growth substrates and plant material. In the first experiment, celery was grown in two different growth substrates-a peat-based soilless mixture and a hydroponic system-to determine the effect of the growth substrate on plant growth, carbohydrate concentration, and enzyme activities. Celery transplants, breeding line CE201, provided by DNA Plant Technology, Oakland, Calif., were transplanted in a greenhouse (Raleigh, N.C.) with day and night temperatures maintained at ≈27 and 18C. Single transplants were placed into 25-cm-diameter (6-liter) pots containing the peatbased soilless mixture Promix (Premier, N.Y.) In the second experiment, celery transplants were transferred to 20-liter fiberglass tanks supplied with either a Hydroponic-1X (EC = 2.7 mS·cm -1 ) or Hydroponic-3X (EC = 6.0 mS·cm -1 ) mineral solution and grown under the same greenhouse conditions as described above. The Hydroponic-3X treatment consisted of a 3-fold increase of the Hydroponic-1X minerals. To study the effect of salt concentration on plant growth, two approaches can be taken. One approach is to vary the concentration of a single salt, typically NaCl (Ahmad et al., 1979, Greenway and Munns, 1980) . A second approach is to increase all nutrient salts proportionally, so that the ratios of fertilizer ions in each treatment are equal. A potential drawback in using increments of only one salt, e.g., NaCl, to study the effect of ionic strength of the mineral solution is that high Na + or Cl -concentrations may result in imbalances of other minerals that might affect plant growth (Benoit et al., 1986) . In the present study, the second approach was taken.
Carbohydrate analysis. Ethanolic extracts from each of the samples were used for measurements of sucrose, hexose sugars, and polyols. Procedures used for ethanolic extraction were as described by Hubbard et al. (1990) . Carbohydrate content was determined on a high-performance liquid chromatography system using a Ca +2 column (Sugar-Pak I; Millipore, Waters Chromatography Div., Milford, Mass.). The column was preceded by a C 18 / Corasil guard (Bondapak; Waters) and a set of anion and cation cartridges (BioRad, Richmond, Calif.) .
Carbon exchange rate. Carbon exchange rate was measured on a terminal leaflet of mature petioles at midday with a photosynthesis system (model LI-6000; LI-COR, Lincoln, Neb.) and leaf area was measured with a leaf area meter (LI-3000A; LI-COR).
Enzyme extraction. Frozen celery tissue was ground in a chilled mortar using a 1 tissue : 4 buffer ratio. Buffer contained 50 mM Mops-NaOH (pH 7.5), 5 mM MgCl 2 , 5 mM DTT, 1 mM EDTA, and 1% (v/v) Triton X-100 for the sucrose-phosphate-synthase (SPS), sucrose synthase (SS), acid-and neutral invertase activities (AI, NI), and phosphomannose isomerase (PMI) assays . For the hexokinase assay, tissue was ground in 50 mM Hepes-NaOH (pH 8.0), 5 mM MgCl 2 , 2.5 mM DTT, 1 mM EDTA , 0.5 mg BSA/ml, and 1% (v/v) Triton X-100. For the UDP-glucose pyrophosphorylase (UDP-Glc PPase) assay, tissue was ground in 50 mM Mops-NaOH (pH 7.5), 5 mM MgCl 2 , 2.5 mM DTT, 1 mM EDTA, 0.5 mg/ml BSA and 0.05 % (v/v) Triton X-100. Homogenates were centrifuged at 10,000× g for 1 min. Supernatants were desalted immediately by centrifugal filtration on columns (Sephadex G-25-50; Sigma, St. Louis) equilibrated with the grinding buffer lacking EDTA and Triton X-100.
Enzyme assays. Assays for SPS, SS, AI, and NI were conducted as described by Hubbard et al. (1990) . The PMI assay contained the following reaction mixture: 100 mM Hepes (pH 7.5), 5 mM MgCl 2 , 0.5 mM NAD + , 7.5 U glucose-6-phosphate dehydrogenase/ml, and 6.0 U phosphoglucose isomerase/ml; the reaction was initiated with 2.5 mM mannose-6-phosphate. The UDP-Glc PPase assay mixture contained 50 mM Hepes-NaOH (pH 7.0), 2 mM MgCl 2 , 1 mM EDTA, 0.4 mM NAD + , 2 U glucose-6-phosphate dehydrogenase/ml, 2 U phosphoglucomutase/ml, and 1 mM UDP-Glc and was initiated with 1 mM PPi. The mannokinase assay mix contained 50 mM Hepes (pH 8.0), 1 mM MgCl 2 , 1 mM ATP, 1 mM NAD + , 2 U/ml phosphoglucose isomerase, 2 U glucose-6-phosphate dehydrogenase/ml, and 2U phosphomannose isomerase/ml, and was initiated with 10 mM D-mannose. The fructokinase assay mix contained 50 mM Hepes (pH 8.0), 1 mM MgCl 2 , 1 mM ATP, 1 mM NAD + , 2 U/ml phosphoglucose isomerase, 2 U glucose-6-phosphate dehydrogenase/ml, and 50 mM KCl, and was initiated with 0.5 mM D-fructose.
Statistical analysis. In the first experiment, treatments consisted of two culture systems (growth substrates), Promix and hydroponic. Each treatment was replicated four times and eight plants were harvested at five intervals (weeks 2, 4, 6, 8, or 12). Two plants per replication were analyzed. In the second experiment, treatments consisted of plants grown hydroponically at two different nutrient strengths, Hydroponic-1X and Hydroponic-3X. Each treatment was replicated four times and eight plants (two plants per replication) were harvested at week 12. The data were analyzed using the analysis of variance and general linear model procedures of the statistical analysis system (SAS Institute, Cary, N.C.).
Results
Celery plants grown in a hydroponic container system for 12 weeks did not differ in growth and development from plants grown in Promix. Promix-and hydroponically grown plants did not differ in shoot fresh weight (Fig. 1A) or number of petioles per plant (Fig.  1B) during the experiment, except for week 12, during which hydroponically grown plants had a slightly heavier shoot. The C exchange rate of fully expanded leaves of Promix-and hydroponically grown plants did not differ greatly (Fig. 1C, insert) , and the photosynthetic rate depended on the developmental stage of the leaf, with fully expanded leaves having the highest C exchange rate (Fig. 1C) . The leaf area of individual petioles was not affected by the growth substrate (Fig. 1D) . The latter, together with the C exchange data, indicated that the capacity of CO 2 assimilation was similar in plants grown in the different culture systems. Because petioles of celery plants emerge from the center of the plant to form a rosette, plants consist of a range of petioles at different stages of development. Plants were harvested at week 2, 4, 6, 8, or 12 and growth of individual petioles was monitored.
Petioles of 8-week-old Promix-and hydroponically grown plants did not differ in petiole dry weight ( Fig. 2A) , leaf dry weight (Fig. 2B) , percentage dry weight of the petiole (Fig. 2C) , and percentage dry weight of the leaf (Fig. 2D) . No statistical differences were observed in petiole or leaf fresh weight of plants grown in Promix or hydroponics (data not shown). A more extensive analysis of variance including data from week 2, 4, 6, 8, and 12 also revealed no statistical differences in plant growth attributable to growth substrate. Furthermore, no interactive effect of week and growth substrate on plant growth was observed.
The effect of growth substrate on C partitioning in celery petioles was determined by comparing the total soluble carbohydrate (hexose plus sucrose plus mannitol), hexose, sucrose, and mannitol concentrations in Promix-and hydroponically grown celery plants. The total soluble carbohydrate concentration of petioles from Promix-and hydroponically grown plants was similar for 8 weeks after transplanting and was slightly higher for Promix-grown plants at week 12 (Fig. 3A) . However, a distinct difference in the ratio of mannitol to hexose concentration was observed. The ratio of mannitol to hexose concentration in petioles was ≈2-fold higher for hydroponically grown plants compared to Promix-grown plants (Fig. 3B) . This relationship was maintained during the entire experimental period. At week 8, petioles of Promix-and hydroponically grown celery did not differ in total soluble carbohydrate concentration (Fig. 4A) . However, growth substrate had a distinct effect on the individual mannitol, sucrose and hexose concentrations. Hydroponically grown plants contained higher mannitol (Fig. 4B ), lower sucrose (Fig. 4C) , and lower hexose concentrations (Fig. 4D ) compared to Promix-grown plants. The largest differences were observed in petioles that developed after transplanting (petioles five to 17).
Promix-and hydroponically grown plants differed in the activities of several carbohydrate metabolizing enzymes (Table 1) . Young petioles of Promix-grown plants had a higher mannokinase, hexokinase, PMI, UDP-Glc PPase, SPS, SS, and AI activity compared to hydroponically grown plants. Mature petioles of of Promix-(q) and hydroponically (r) grown celery. Carbon exchange rate of celery leaves of Promix-grown plants (C). Insert in C represents C exchange rate of fully expanded celery leaves, measured under ambient conditions over 8 weeks. PPFD values ranged from 300 to 1500 µmol·m -2 ·s -1 on different sampling dates. NA= not analyzed. The hydroponic solution was composed of a Hydroponic-1X nutrient solution (see Materials and Methods). Leaf area of petioles from 8-week-old Promix-(q) and hydroponically (r) grown celery plants (D). Petioles were numbered from the outside to the inside of the plant, with petiole 1 being the oldest petiole. Each datum represents the mean ±SE of four replications. Promix-grown plants had a higher PMI, UDP-Glc PPase, SPS, and AI, whereas old, senescent petioles did not differ in enzyme activities compared to hydroponically grown plants. Neutral invertase was not affected by the growth substrate. At the time of petiole harvest, petioles were frozen in liquid N 2 and stored at -80C for several weeks before being assayed for enzyme activity. Under these experimental conditions, no mannitol dehydrogenase could be detected. However, recently we isolated and purified a NADdependent mannitol 1-oxidoreductase from celeriac [Apium graveolens L. var. rapaceum (Mill.) Gaud] roots, which catalyzes the oxidation of mannitol to mannose (Stoop and Pharr, 1992) . This enzyme was found in celery and was highly active in sinks (roots and young petioles) and was less active in mature petioles of celery (Stoop and Pharr, 1993) . Carbohydrate partitioning and enzyme activities were both affected by petiole development within the plant. Regardless of the growth substrate, total soluble carbohydrate and mannitol concentration were high in mature and young petioles (at week 8, petiole nine to 17) (Fig. 4 A and B) , whereas hexose and sucrose concentrations were highest in mature petioles (at week 8, petiole nine to 13) (Fig. 4 C and D) . The hexose pool was comprised of equimolar glucose and fructose concentrations in all petioles (data not shown). All carbohydrate metabolizing enzyme activities differed markedly in petioles of different developmental stages, with the highest activities observed in the youngest (sink) tissues (Table 1) .
It is clear that the growth substrate or culture condition (Promix vs. hydroponics) affects the carbohydrate composition of the celery petiole, and in particular the mannitol and hexose concentrations. The Promix and hydroponic culture systems differed in several components, such as physical properties of the substrates and the mineral composition and total salt concentration of the nutrient solution applied. The total salt concentration, as measured by EC, of the nutrient solution applied once a week to Promixgrown plants was 1.8 mS·cm -1 , whereas the EC of the nutrient solution used in the hydroponic culture was 2.7 mS·cm -1 . Because mannitol plays an important physiological role in protecting plants against salt stress (Tarczynski et al., 1993) , one can hypothesize that the total salt concentration of the nutrient solution might affect mannitol and hexose concentrations in celery petioles. To test the hypothesis that C partitioning within the celery petiole could be altered by increased nutrient concentrations in the root environment, celery transplants were grown in Hydroponic-1X (EC = 2.7 mS·cm -1 ) and Hydroponic-3X (EC = 6.0 mS·cm -1 ) mineral solutions (see Materials and Methods). Eight weeks after transplanting, plants grown at EC = 2.7 or 6.0 mS·cm -1 had similar root fresh weight (55 ± 2 and 64 ± 13 g, respectively) and shoot fresh weight (336 ± 11 and 305 ± 32 g, respectively). At week 12, the root fresh weight of plants grown in Hydroponic-3X (152 ± 11 g) was similar to that of Hydroponic-1X-grown plants (146 ± 11 g), while the fresh weight of the shoot was slightly higher for Hydroponic-1X-grown plants (870 ± 47 g) compared to Hydroponic-3X-grown plants (721 ± 26 g). Although the total soluble carbohydrate concentration was slightly higher in Hydroponic-3X-grown plants (Fig. 5A) , the major effect of salt concentration was observed in the mannitol pool (Fig. 5B ). Mature and young celery petioles of plants grown for 12 weeks at the higher salt concentration contained a higher mannitol pool (Fig. 5B) together with a lower hexose pool (Fig. 5C ) compared to the Hydroponic-1X-grown plants. A higher mannitol-to-hexose ratio was observed in petioles of plants grown at the higher salt environment (EC = 6.0 mS·cm -1 ), except for the very innermost petiole (Fig. 5D) . These results were analogous to those observed in the first experiment and indicate that differences in salt concentration in the root environment can affect the carbohydrate pool of celery petioles without markedly affecting whole-plant growth. Table 1 . Activities of carbohydrate-metabolizing enzymes extracted from old, mature, and young petioles of 8-week-old Promix-or hydroponically (Hydro-) grown celery.
Discussion
To study the effect of environmental variables such as salt or osmotic stress on plant growth and development, it is beneficial if the crop can be grown hydroponically. Hydroponic culture systems such as the nutrient film technique or container culture allow easy access to root systems and have proven to be very useful in studies in which the root environment needs to be under tight control (Benoit et al., 1986; Tarczynski et al., 1993) .
The results of these studies indicate that celery grown in the soilless mixture Promix did not differ in growth and development from hydroponically grown celery, as was evident from dry weight and fresh weight data. However, the growth substrate had a distinct effect on the mannitol and hexose concentrations of celery petioles, without affecting their total soluble carbohydrate concentration. The ratio of mannitol to hexose in celery petioles was 2-fold higher in hydroponically grown plants compared to Promix-grown plants. The Promix and hydroponic culture system differed in several components such as physical properties of the substrates, the mineral composition, and total salt concentration of the nutrient solution applied. A higher salt concentration in the root environment of hydroponically grown plants (EC = 2.7 mS·cm -1 ) compared to Promix-grown plants (EC = 1.8 mS·cm -1 ) might be responsible for the observed differences in mannitol-to-hexose ratios. When celery plants were grown hydroponically at two different salt levels, EC 2.7 and 6.0 mS·cm -1 , a higher mannitol-tohexose ratio was observed in plants grown at the higher EC, a result supporting the above hypothesis. Celery differs from sucrose translocating and raffinose saccharide translocating plants in that sucrose and the sugar alcohol mannitol are the major photosynthetic assimilates that are translocated in the phloem to sink and storage tissues. Recent experiments support a role for mannitol as an osmoregulator and a compatible solute. Polyols such as mannitol may function as compatible solutes by replacing water molecules, thereby preserving hydration of the cytoplasmic biopolymers of stressed plants (Schobert, 1977) . Polyols may also protect cells by scavenging hydroxyl radicals (Smirnoff and Cumbes, 1989) . Mannitol concentrations in leaves and roots of pot-grown celery plants increased in response to increased NaCl applications . Tarczynski et al. (1993) used a hydroponic system to study salt tolerance of wild-type and transformed tobacco plants encoding the Escherichia coli gene mannitol-1-phosphate dehydrogenase (Tarczynski et al., 1992) . and demonstrated that the mannitol producing transgenic tobacco plant exhibited increased salt tolerance.
Differences in C partitioning between mannitol and hexose could be due to metabolism of mannitol within the celery petiole. Other factors might also affect C partitioning, such as diminished accumulation or use of mannitol in the root, resulting in increased mannitol accumulation in the shoot, differences in the ratio of mannitol to sucrose supplied to the petioles by the leaves, or differences in phloem unloading of mannitol and sucrose into the petioles of Promix-and hydroponically grown plants. Although it is impossible to exclude any of the above hypotheses based on the data presented here, patterns of sugar-metabolizing enzymes suggest that celery petioles might be able to metabolize mannitol by converting it to glucose and fructose through a sucrose intermediate. Mannitol oxidation to mannose is catalyzed by a NADdependent 1-oxidoreductase, which is present in sink tissue (Stoop and Pharr, 1992) . Mannose can be phosphorylated to mannose-6-P by the action of a hexokinase, and further isomerized to fructose-6-P by the action of PMI. Celery petioles had very high PMI activities (0.7 to 1.0 µmol·min -1 ·g -1 fresh weight) compared to nonlegume seeds (0.06 µmol·min -1 ·g -1 fresh weight) (McCleary and Matheson, 1976) and konjac corms (0.07 µmol·min -1 ·g -1 fresh weight) (Murata, 1975) (Miller, 1989) . This might indicate that PMI of celery petioles plays an important role in mannose-6-P metabolism and, indirectly, in mannitol catabolism. Different salt concentrations in the root environment might affect the catabolism of mannitol and thus influence the mannitol-tohexose concentrations providing an adaptive mechanism to the increased salt environment.
These experiments show that environmental growth conditions, such as different growth substrates or total salt concentration of nutrient solution, can markedly influence soluble assimilate partitioning within celery petioles without affecting plant growth and development. Furthermore, some evidence was presented supporting the hypothesis that mannitol levels may be an important component of plant adjustment to elevated salt stress. Mannitol may be involved in osmoprotection by acting as a compatible solute, as plants grown in a higher EC nutrient solution did not differ in growth and development but accumulated mannitol in petiole tissue.
